Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells that exert suppressive function on the immune response. MDSCs expand in tumor-bearing hosts or in the tumor microenvironment and suppress T cell responses via various mechanisms, whereas a reduction in their activities has been observed in autoimmune diseases or infections. It has been reported that the symptoms of various diseases, including malignant tumors, can be alleviated by targeting MDSCs. Moreover, MDSCs can contribute to patient resistance to therapy using immune checkpoint inhibitors. In line with these therapeutic approaches, diverse oligonucleotide-based molecules and small molecules have been evaluated for their therapeutic efficacy in several disease models via the modulation of MDSC activity. In the current review, MDSC-targeting oligonucleotides and small molecules are briefly summarized, and we highlight the immunomodulatory effects on MDSCs in a variety of disease models and the application of MDSC-targeting molecules for immuno-oncologic therapy.
INTRODUCTION
Myeloid-derived suppressor cells (MDSCs) are heterogeneous populations of immature myeloid cells and have been known to possess suppressive activity against immune responses through the reduction of T cell function and proliferation. MDSCs include the following two major subsets: monocytic (MO-MDSCs) and polymorphonuclear MDSCs (PMN-MDSCs, also known as granulocytic MDSCs (G-MD-SCs)), and both MDSC subsets play crucial and diverse roles in immune-related pathological conditions (Gabrilovich and Nagaraj, 2009; Nam et al., 2019) . Evidence has shown that the induction of MDSCs in the tumor microenvironment or the reduction of MDSC activity in autoimmune diseases decreases the therapeutic efficacy of antitumor immunotherapy or immunosuppressive agents. Because of their strong immune suppressive function in various immune responses, a number of oligonucleotides and small molecules have been evaluated to modulate the function, proliferation and accumulation of MDSCs. Furthermore, over the last decade, therapies using MDSC-targeting molecules alone or with other therapeutics, including immune checkpoint inhibitors and antitumor drugs, have been extensively studied in several disease models, such as autoimmune diseases, infections and cancers. In fact, in recent years, there has been convincing and accumulating evidence that MDSC modulation in combination with immunotherapy is able to provide a beneficial effect on a patient's prognosis, leading to an extended lifespan. In the current review, we will discuss, in detail, the MDSC modulation in which small molecules are used to interfere with or to promote the expansion and function of MDSCs and the mechanisms by which they interrupt or facilitate the immune suppressive activity of MDSCs. MicroRNAs (miRNAs) are small noncoding RNAs that consist of ~22 nucleotides in length and have crucial and diverse roles in various biological processes and diseases, including the function and differentiation of immune cells, cancer, immunopathology as well as MDSC activity (El Gazzar, 2014; Chen et al., 2015a) . Recently, the correlation between MDSCs and miRNAs has been extensively studied. A set of miRNAs (miR-99b, miR-100, miR-125a, miR-125b, miR-146a, miR-146b, miR-155 and let-7e) from the extracellular vesicles (EVs) of melanoma patients has been found to be correlated with MDSCs by regulating the differentiation of monocytes into CD14 + HLA-DR neg MDSC cells, and they cause a reduction in the therapeutic efficacy of immune checkpoint inhibitors in melanoma patients (Huber et al., 2018) . miR-21 directly inhibits phosphatase and tensin homolog (PTEN) and activates signal transducer and activator of transcription 3 (STAT3) via PTEN inactivation, leading to the promotion of the activity and expansion of the CD11b + GR-1 + MDSCs. Moreover, it has been shown to have a synergistic effect with miR-155, which also induces STAT3 activation via targeting SHIP-1; in fact, these miRs increase in tumor-bearing mice . In a similar fashion, inoculated tumors or the multiplicity of colonic neoplasms by azoxymethane (AOM) and dextran sodium sulfate (DSS) occurred less frequently in miR-155-deficient mice than the occurrence in syngeneic WT mice. These mice show delayed tumor growth, and miR-155 depletion reduces the differentiation and suppressive activity of CD11b + Gr1 + MDSCs by inducing suppressor of cytokine signaling 1 (SOCS1) expression (Chen et al., 2015b) . It has been reported that hypoxia-induced human or mouse glioma cells or human primary glioblastoma-derived exosomes, which contain miR-10a, miR-21, miR-29a and miR-92a, promote the expansion and activity of MDSCs via targeting RAR-related orphan receptor alpha (RORA), PTEN, high-mobility group box transcription factor 1 (Hbp1) and protein kinase cAMP-dependent type I regulatory subunit alpha (prkar1a) (Guo et al., 2018a (Guo et al., , 2018b . In addition, miR10a induces MDSC expansion and activation through another target. The induced expression of miR-10a in MDSCs by PGE2 from doxorubicin-resistant cancer cells activates AMP-activated protein kinase (AMPK) signaling and leads to the increased expansion and activation of CD11b + Gr1 + MDSCs (Rong et al., 2016) . Since miR-21 induces MDSCs, the inhibition of miR-21 and miR-181b by antagomir, a chemically modified miRNA inhibitor, decreases Gr1 + CD11b + myeloid progenitors and late-sepsis mortality in an in vivo mouse sepsis model, and this is related to the reduction of NFI-A, which is a transcription factor that plays a role in myeloid cell differentiation (McClure et al., 2014) . In addition, miR-34a, which is known to show distinct expression levels in diverse immune cells, induces the expansion of MDSCs. It reduces apoptosis but not proliferation by directly binding to the 3′ untranslated region (3'UTR) of N-myc, leading to suppressed expression (Kuchen et al., 2010; Huang et al., 2014; Chen et al., 2016) . Hypoxia-inducible factor (HIF1α) plays a role in tumor-associated macrophages (TAMs) to induce suppressive activity on T cells and tumor progression in a mouse breast cancer model in vivo (Doedens et al., 2010) . HIF1α-induced miR-210 under hypoxic conditions has been found in tumor-infiltrating MDSCs and can increase MDSC-mediated T cell suppression via inducing ar-ginase activity and nitric oxide (NO) production. Accordingly, anti-miR-210 reduces the immunosuppressive activity of MD-SCs and tumor progression in a tumor-bearing mouse model (Noman et al., 2015) . miR-30 increases in both PMN-MDSCs and MO-MDSCs derived from a B cell lymphoma (non-Hodgkin lymphoma; NHL) mouse model and promotes the differentiation and suppressive activity of MDSCs through SOCS3 inhibition. Treatment with miR-30a agomir in a B-cell lymphoma mouse model leads to an increase in the MDSC population and a reduction in the CD3 + CD4 + and CD3 + CD8 + T cell populations and tumor progression in the spleen, and the observation is reversed by treatment with antagomir (Xu et al., 2017) . Similarly, miR-494 promotes the accumulation and function of tumor-infiltrated MDSCs via the downregulation of PTEN and increases tumor invasion and metastasis in an in vivo mouse model (Liu et al., 2012) . It has been reported that miR-690 is induced by Δ 9tetrahydrocannabinol (THC) and promotes functional MDSCs from bone marrow (BM) via the inhibition of transcription factor CCAAT/enhancer-binding protein α (C/EBPα) expression. However, it did not increase as much in tumor-bearing mice as it did in the control mice (Hegde et al., 2013) .
MODULATION OF MDSC ACTIVITY BY OLIGONUCLEOTIDE-BASED MOLECULES

MDSC expansion and activation by microRNAs
Inhibition of MDSCs by microRNAs
Although the vast majority of studies have reported a positive correlation of miRs with MDSCs, studies have shown a negative correlation to exist. It has been documented that miR-223 is downregulated in tumor-associated MDSCs. The transfection of miR-223 into bone marrow cells shows a reduced differentiation of tumor-induced CD11b + Gr1 + MDSCs by inhibiting myocyte enhancer factor 2C (MEF2C) and miR-223 impairs the tumor infiltration and suppressive activity of MDSCs on CD8 + T cells and tumor growth in tumor-bearing mice . Furthermore, it has been reported that MDSCs play a crucial role in multiple sclerosis (MS) and that the miR-223 knockout (miR-223 -/-) mouse MS model, which is an experimental autoimmune encephalomyelitis (EAE) model, shows an enhanced MDSC population and less severe EAE by targeting STAT3 (Cantoni et al., 2017) . Likewise, miR-17-5p and miR-20 have suppressive roles in MDSCs, and they are found in tumor-associated MDSCs at a concentration less than in disease-free mice. These miRs directly inhibit STAT3 expression, leading to a reduction in the expression of reactive oxygen species (ROS) and H2O2, which are activity markers of MDSCs. In addition, miR-17-5p and miR-20 reduce the suppressive function of MDSCs against CD4 + and CD8 + T cells and tumor growth in vivo. Interestingly, although a reduction in miRs has been found in both PMN-MDSCs and MO-MDSCs, they inhibit the activity of PMN-MDSCs only . Collectively, these reports suggest that miRNAs are related with modulation of MDSC function through several mechanisms and could be utilized in diverse immune-related diseases.
Inhibition of MDSCs by RNAi
RNA interference (RNAi) was first identified in plants and fungi and has a role in regulating gene expression through posttranscriptional silencing. Since the identification of the function of RNAi, it has been studied for diverse disease models to regulate target genes, especially the genes encoding undruggable proteins (Kanasty et al., 2013; Setten et al., 2019) . C/EBPβ is known to play a role in MDSC suppressive function (Marigo et al., 2010) . It has been reported that both C/EBPβ silencing and miR-142-3p overexpression using poly (amidoamine) (PAMAM) dendrimer carriers show therapeutic effects in tumor-bearing mice, and this result suggests the possibility of RNAi-based therapies to target myeloid cells (Zilio et al., 2017) . RNAi, such as shC/EBPβ or miR142-3p with encapsulated polyarginine nanocapsules (NCs), facilitates the uptake by MDSCs and reduces the C/EBPβ-mediated immunosuppressive activity of MDSCs as well as the generation of TAMs in vitro and in tumor bearing mice in vivo (Ledo et al., 2018) . These findings suggest the possibility to develop the strategy for blocking immune suppressive function through RNAi by targeting crucial factors in MDSCs.
Ambivalent effects of CpG on MDSC modulation
The CpG motif that is included in synthetic oligodeoxynucleotides (ODNs) reveals the ability to stimulate immune responses similar to bacterial DNA in the innate immune system. CpG ODN, which triggers Toll-like receptor (TLR) 9-expressing cells, plays a role in immunomodulation and has been used for immunotherapy of several cancers (Klinman, 2004) . CpG oligonucleotides (CpG) increase the proportion of Gr1 + CD11b + MDSC-like cells and do not affect the suppressive activity of MDSCs on T cells, but the Ly6G + MDSC-like cells among the Gr1 + CD11b + MDSC-like cells are reduced in the spleen and BM of tumor-free mice. Interestingly, CpG treatment inhibits tumor progression and MDSC-mediated T cell suppression in the CT-26 tumor-bearing mouse model, in which CpG inhibits Ly6G + MDSCs similar to that seen in tumor-free mice. The suppressive activity of MDSCs on T cells is also reduced by CpG treatment in the spontaneously developed gastric tumor model. Furthermore, CpG increases the expression of myeloid cell markers, such as F4/80, MHC II, CD11c and CD80, and induces MDSC maturation and differentiation in vivo. In addition, these effects are dependent on TLR9-expressing DCs secreting IFN-α, which elicits a reduction in MDSC function in vitro and in vivo (Zoglmeier et al., 2011) . Similarly, it has been reported that the intratumoral injection of CpG decreases tumor growth, leading to a reduction in the MO-MDSC population in CT26 tumor-bearing mice, and CpG treatment downregulates the suppressive activity of MO-MDSCs on CD8 + T cells through the inhibition of Arg1 expression. Moreover, CpG induces the expression of the macrophage marker F4/80 in MO-MDSCs obtained from the spleens of tumor-bearing mice, which reflects MDSC differentiation into macrophages (Shirota et al., 2012) . In contrast, although DCs are differentiated from BM by treatment with GM-CSF and IL-4, the additional long-term treatment with CpG ODN induces cells to exhibit different phenotypes with a distinct cytokine profile, which is identified as MDSCs. CpG ODN-induced MDSCs also have suppressive activity on CD4 + T cell proliferation. In addition, a Listeria monocytogenes infection, which has been known to exhibit a cytokine profile similar to that of CpG ODN, reduces the DC proportion and can increase the MDSC proportion in mice .
AMBIVALENT ROLES OF KINASE INHIBITORS IN THE MODULATION OF MDSC ACTIVITY
Tyrosine kinase inhibitor (TKI)
The receptor tyrosine kinases (RTKs) are composed of 20 subfamilies with 58 types of receptors including epidermal growth factor receptor (EGFR), insulin-like growth factor receptor (IGFR), platelet-derived growth factor receptor (PDGFR) and vascular endothelial growth factor receptor (VEGFR) and have been found to be dysregulated in a variety of tumors. For that reason, various receptor tyrosine kinase inhibitors (TKIs), such as lapatinib, sunitinib and erlotinib, have been evaluated for their cancer therapeutic potential (Hojjat-Farsangi, 2014; Yamaoka et al., 2018) . Recently, many studies have verified the role of TKIs not only in cancer but also in MDSCs. Sunitinib (Sutent, Pfizer, New York, NY, USA) has been known to target several RTKs, including VEGFR, PDGFR, stem cell factor receptor (c-Kit) and colony-stimulating factor (CSF)-1 receptor, and has been used therapeutically for metastatic renal cell carcinoma (mRCC) as a first-line therapy (Motzer et al., 2006; Roskoski, 2007) . Intriguingly, it has been reported that sunitinib inhibits the accumulation and suppressive activity of MDSC and T-regulatory cells (Tregs; CD4 + CD25 hi/+ Foxp3 + ) in RCC tumor-bearing mice as well as in other types of tumors, such as colon and breast cancer. In particular, it suppresses the proliferation of MO-MDSCs and induces the apoptosis of PMN-MDSCs. Nevertheless, MDSCs acquire resistance to sunitinib by granulocyte-macrophage colony-stimulating factor (GM-CSF) obtained from tumor tissue in a STAT5-dependent manner in vitro and in vivo. Furthermore, whereas sunitinib remarkably reduces human MDSCs (CD33 + CD15 + HLA-DRand CD15 -CD33 + HLA-DR -) in the peripheral blood (PB) of primary tumor resected mRCC patients, MDSCs are restored in patients with primary tumors because of tumor-infiltrated MD-SCs, which are not affected as much by sunitinib, leading to resistance to the treatment (Ko et al., 2009 (Ko et al., , 2010 Finke et al., 2011; Guislain et al., 2015) . CD40 is a member of the tumor necrosis factor receptor (TNFR) superfamily and plays a role in the activation of dendritic cells (DCs) and the induction of adaptive immunity. However, it also plays a role in promoting VEGF expression and MDSC function to induce T cell tolerance and Treg cell accumulation in the tumor (Flaxenburg et al., 2004; Pan et al., 2010; Vonderheide and Glennie, 2013) . Although immunotherapy strategies that target CD40 have antitumor effects, these strategies only show quite a limited efficacy due to the immunosuppressive cells in the tumor. The combination treatment of an anti-CD40 antibody with sunitinib induces CD11c + DC activation and reduces the number of CD11b + Gr1 + MDSCs in the tumor-draining lymph node and leads to the promotion of therapeutic efficacy in both B16F10 and T241 tumor-bearing mice (van Hooren et al., 2016) . In another combination therapy, co-treatment of sunitinib with viral vector-based cancer vaccine, which contains Semliki Forest virus replicon particles and encodes the oncoproteins E6 and E7 (SFVeE6,7) of human papilloma virus (HPV), increases the ratio of E7-specific cytotoxic T lymphocytes (CTLs) to MD-SCs in the blood and tumors of TC-1 tumor-bearing mice. This combination therapy exerts its antitumoral effects by changing the immunological balance of the tumor (Draghiciu et al., 2015) . Although several reports have shown an inhibitory effect of sunitinib on MDSCs in some tumor models, it has also been reported that the monocytic CD14 + HLA-DR -/low MDSCs that are differentiated from mature human monocytes by activated hepatic stellate cells (HSCs) were not affected by sunitinib. Other TKIs, including dasatinib, nilotinib and sorafenib, inhibit MDSC differentiation under the same conditions, but they do not affect differentiated MDSCs. Consistent with these results, the suppressive activity of MDSCs on CD8 + T cells is reduced by treatment with sorafenib, nilotinib or dasatinib, but the activity is not reduced by treatment with sunitinib (Heine et al., 2016) . Sorafenib, a TKI inhibitor targeting multiple kinases, has been known as the first-line therapy for patients with advanced liver cancer as well as several other types of cancer. While sorafenib does not affect CD4 + CD25 + FOXP3 + Tregs and CD11b + Gr-1 + MDSCs in normal healthy mice, it does reduce the population of Tregs and CD11b + GR-1 + MDSCs in both the bone marrow and the spleens of liver hepatoma tumor-bearing mice (Cao et al., 2011) . However, it has also been reported that the proportion and suppressive activity of tumorinfiltrated PMN-MDSCs are increased by sorafenib in a mouse orthotopic liver tumor model, although they are decreased by sorafenib in a subcutaneous mouse model. In addition, the expression of the IL-6 receptor is increased in PMN-MDSCs from an orthotopic mouse model; this leads to an increase in STAT3 signaling, which is a crucial mechanism for its suppressive activity (Chang et al., 2018) . Axitinib, a selective small molecule TKI of VEGF1, 2 and 3 signaling, reduces the suppressive activity of MO-MDSCs and induces tumor-infiltrated immune cells, including CD3 + CD8 + T cells and CD11b + cells, in a mouse melanoma model in vivo Du Four et al., 2015) . AZD4547, a fibroblast growth factor receptor (FGFR)-targeted small-molecule TKI, is being tested in a phase II clinical study of breast cancer patients. AZD4547 suppresses breast tumor progression in vitro and in vivo in a mouse model and, consistent with the inhibition of tumor progression, reduces tumor-infiltrated CD11b + Gr-1 + MDSCs as well as MDSCs in the lung tissue, peripheral blood and spleen . SAR131675 has been known as a specific TKI against VEGFR-3, suppresses the circulating MD-SCs, promotes the proportion of M1-type TAMs and inhibits tumor progression in the 4T1 tumor model. Moreover, it blocks the number of MDSCs expressing VEGFR3 in the blood and spleen of 4T1 tumor-bearing mice (Espagnolle et al., 2014) . In summary, these reports suggest that the most of TKIs inhibit MDSCs in several diseases models, whereas some of TKIs show controversial effect on MDSC. Therefore, the exact mechanisms by which each TKI exerts therapeutic efficacy in MDSCs should be further verified in specific disease model.
Tofacitinib (inhibitor of the enzyme janus kinase 1 (JAK1) and janus kinase 3 (JAK 3))
The janus kinase (JAK) family, which includes JNK1, JAK2, JAK3 and tyrosine kinase 2 in mammals, is a receptorassociated tyrosine kinase. The JAKs are activated by binding to the intracellular domains of type I and type II cytokine receptors and induce signaling pathways related to diverse cytokines and growth factors. JAK-dependent cytokines have diverse roles in immunopathology by regulating inflammatoryrelated genes (Changelian et al., 2003; Nishimura et al., 2015; Schwartz et al., 2017) . A small-molecule JAK inhibitor, tofacitinib, has been shown to inhibit JAK1 and JAK3 (Changelian et al., 2003) . It has been reported that PMN-MDSC accumulation is elevated in the bone marrow of tofacitinib-treated SKG mice and that tofacitinib induces the differentiation and expansion of MDSCs in vitro. Therefore, it ameliorates rheumatoid arthritis (RA) in an animal model, and the effect is abolished by treatment with anti-Gr-1 mAb. Moreover, another JAK1 selective inhibitor, GLPG0634, and the JAK3 selective inhibitor, PF-956980, have also been found to induce the differentiation of MDSCs in vitro (Nishimura et al., 2015) . Although STAT3 inhibition generally hampers MDSCs differentiation and proliferation, some of JAK inhibitors show opposite results. Given that JAK has several family members and each JAK might influence different functions of MDSCs, it is important to investigate the specific function of MDSCs controlled by JAKs.
AZD1480 (inhibitor of JAK1/2 kinase)
AZD1480, a competitive small-molecule inhibitor of JAK1/2, has antitumor effects, such as tumor growth inhibition in a STAT3-dependent manner in vitro and in vivo (Scuto et al., 2011) . It has been reported that AZD1480 also regulates MD-SCs in a melanoma mouse model. Although the MDSC population (MO-MDSCs; CD11b + Ly6C + Ly6Gand PMN-MDSCs; CD11b + Ly6C low Ly6G + ) from tumor bearing mice is reduced by the oral administration of AZD1480, the suppressive effect of MDSCs on T cell proliferation is increased by AZD1480 in a similar way to that of tofacitinib (Maenhout et al., 2014) .
Cyclin-dependent kinase (CDK) inhibitor
p16 Ink4a and p21 Cip1/Waf1 are tumor suppressors that regulate cellular senescence through CDK inhibition (Hara et al., 1996; Okuma et al., 2017) . However, it has been reported that MO-MDSCs express p16 Ink4a and p21 Cip1/Waf1 , and PMN-MDSCs only express p16 Ink4a but do not show cellular senescence features. In addition, although the immunosuppressive effects of MDSCs on T cell proliferation are not changed by p16/p21-DKO, the number of intratumoral MO-MDSCs is reduced in tumor-bearing p16/p21-DKO mice. These effects originate from the blocking of CX3CL1/CX3CR1 axis-dependent chemotaxis in p16/p21-DKO mice and CX3CL1 expression in MO-MDSCs is reduced by CDK. Furthermore, MO-MDSCs treated with the pan-CDK inhibitor flavopiridol, which is known as a potential antitumor agent especially in leukemia, have shown elevated levels of Cx3cr1 expression, and the accumulation of MO-MDSCs in tumor sites has been observed after treatment; this leads to the acceleration of tumor growth in vivo (Arguello et al., 1998; Okuma et al., 2017) .
Phosphoinositide 3-kinase (PI3K) inhibitor
PI3Ks have a crucial role in diverse cellular signaling pathways by mediating signals from cell surface receptors to downstream pathways. PI3Ks are divided into three different classes based on amino acid sequence and functional homology. Among them, the class I PI3Ks are divided into two different subsets. The class IA PI3Ks are heterodimeric and are composed of a regulatory subunit (p85) with catalytic subunits (p110α, p110β and p110δ) and class IB is composed of regulatory subunits (p101 and p84) with the catalytic subunit p110γ. PI3Ks have been demonstrated to play important roles in hematopoietic cell biology and in the activation of Gr1 + /CD11b + myeloid cells (Schmid et al., 2011; Cushing et al., 2012; Winkler et al., 2013; Kim et al., 2014) . J32, a PI3K p110α (PI3Kα)specific inhibitor, has shown cytotoxicity to PMN-MDSCs compared with CD8 + T cells with lower concentrations, and the combination treatment of J32 with immune checkpoint blockade antibodies, such as anti-PD-1 and anti-CTLA-4, into 4T1 tumor-bearing mice has shown remarkably reduced numbers of PMN-MDSCs and 4T1 tumors (Mandelker et al., 2009; Kim et al., 2014) . IPI-145 (also known as INK-1197), a PI3K isoform p110δ (PI3Kδ) and p110γ (PI3Kγ)-specific inhibitor, has been clinically evaluated for the treatment of multiple inflammatory, autoimmune and hematologic diseases. It has been reported that the inactivation of PI3Kδ reduces tumor growth and metastasis, Treg cell function and PMN-MDSC number and function in PI3Kδ D910A mice that have inactivated p110δ. In accordance, IPI-145 treatment into tumor-infiltrating PMN-MDSCs leads to a reduction in the arginase 1 (Arg1), NOS2 mRNA levels and immune suppressive effect on T cells, whereas tumor-infiltrating MDSCs and primary tumor growth are not significantly changed by treatment with IPI-145. However, the combination treatment of IPI-145 with the immune checkpoint inhibitor PD-L1 mAb significantly reduces the suppressive activity of PMN-MDSCs and reduces the primary tumor growth; in addition, this strategy improves the CD8 + T cell activation and survival of murine oral cancer (MOC) tumor-bearing mice. (Winkler et al., 2013; Ali et al., 2014; Davis et al., 2017) .
Casein kinase 2 (CK2) inhibitor
Casein kinase 2 (CK2), a serine/threonine protein kinase, plays a role in tumor progression and is involved in diverse signaling pathways related to self-renewal, cell proliferation, migration and hematopoietic cell survival and function (Piazza et al., 2012) . Potent and selective inhibitors of CK2, including BMS-595, BMS-699 and BMS-211, can reduce the cell proliferation of various mouse cell lines and human colorectal and lung cancer cell lines. They show a synergistic effect on cell proliferation inhibition with the anti-CTLA-4, an immune checkpoint inhibitor. The CK2 inhibitor BMS-595 reduces the population of CD11b + Ly6G + Ly6C lo PMN-MDSCs and CD11b + Ly6G -F4/80 hi macrophages in the spleens of LLC tumor-bearing mice, although the CD11b + Ly6G -Ly6C hi MO-MDSC and CD11c + I-Ab hi DC populations are not altered. However, while the presence of CD11b + Ly6G + Ly6C lo PMN-MDSCs is not changed at the tumor site, the populations of TAMs and DCs are decreased. The alteration of the immune cell population by CK2 inhibition is caused by the change of differentiation through the regulation of the function of C/EBPα, but not by the change of the apoptosis or proliferation of myeloid cells (Hashimoto et al., 2018) .
INHIBITION OF MDSCS BY STAT3, PDE5 AND γ-SECRETASE INHIBITORS
STAT3 inhibitor
It has been identified that there are 7 members of the STAT family in mammals. STATs are latent cytoplasmic transcription factors and are activated by several cytokines and growth factors. They are involved in diverse signaling pathways related to the development, immunity and malignant properties of human cancers (Yu and Jove, 2004; Ko and Kim, 2016) . Therefore, the regulation of the STAT family in various diseases, including cancer and immune response-mediated diseases, has been broadly studied. Among the several STATs, STAT3 signaling is known as the novel factor responsible for the expansion and activation of MDSCs by regulating the pro-inflammatory, pro-proliferation or anti-apoptotic proteins (Nefedova et al., 2005; Gabrilovich et al., 2012) . STAT3 also induces MDSC migration and accumulation by regulating pro-inflammatory proteins, such as S100A8/A9 (Cheng et al., 2008; Sinha et al., 2008) . For that reason, several small molecule inhibitors of STAT3 have been evaluated in preclinical and clinical studies. In fact, it has been documented that STAT3 inhibition by the pSTAT3-specific small molecule inhibi-tor STATTIC (6-nitro-1-benzothiophene 1,1-dioxide) or siRNA reduces the expression of the MO-MDSC activity marker Arg1 in MO-MDSCs derived from patients with ankylosing spondylitis . STATTIC not only reduces the activity of MO-MDSCs but also increases the pro-apoptotic pathway in MDSCs. A recent study has shown that STATTIC and another STAT3 inhibitor, BBI608 (napabucasin), induce apoptosis in liver tumor MDSCs in a bax-dependent manner. STAT3 inhibition by these inhibitors in liver-associated MDSCs (L-MDSCs) activates both the intrinsic and extrinsic pathways of apoptosis and induces the enhancement of the antitumor activities of chimeric antigen receptor T cells (CAR-T) in a murine liver metastasis (LM) model (Guha et al., 2019) . S3I-201, a tolerable selective inhibitor of STAT3, decreases the population of MD-SCs in a genetically defined mouse model with head and neck squamous cell carcinoma. The number of MDSCs is increased in tumor-bearing mice, but it is diminished after treatment with S3I-201 . In addition, the STAT3 selective inhibitor JSI-124 induces the differentiation of Gr-1 + CD11b + immature myeloid cells, which represent MDSCs, into mature DCs and macrophages (Nefedova et al., 2005) . Interleukin-10 (IL-10) is known to be an anti-inflammatory cytokine, but it has been verified that IL-10 has a role in STAT3 signaling by regulating IL-6. Interestingly, it has been shown that pSTAT3 is elevated in MDSCs obtained from IL-10-deficient mice compared with that of wild-type mice, and the elevated tumor infiltration of MDSCs in IL-10-deficient mice is abolished by an IL-6 blockade . In fact, several studies have reported MDSC suppression by STAT3 inhibition leading to alleviation of tumor development. Thereby, these findings suggest that STAT3-mediated signaling could be an ideal therapeutic target for patients with abnormal MDSC accumulation.
PDE5 inhibitor
Tadalafil is a potent and selective inhibitor of cyclic GMPspecific phosphodiesterase type 5 (PDE5) and has been utilized for erectile dysfunction and pulmonary arterial hypertension (PAH) (Ghofrani et al., 2004) . However, recent reports have revealed that PDE5 inhibition by tadalafil and another PDE5 inhibitor, sildenafil, induces antitumor effects by regulating immune cells (Serafini et al., 2006; Noonan et al., 2014; Califano et al., 2015; Weed et al., 2015) . Tadalfil and sildenafil delay primary tumor growth in immuno-competent mice and sildenafil decreases the nitric oxide synthase-2 (NOS2) and MDSC maker IL-4Rα as well as its downstream Arg1, thereby decreasing the suppressive effect of MDSCs on T cell proliferation. Therefore, PDE5 inhibition prevents tumor-induced immune dysfunction in mouse tumor models and restores the proliferation of peripheral blood lymphocytes (PBLs) from myeloma and head and neck cancer patients (Serafini et al., 2006) . In accordance with sildenafil, tadalafil has also shown a clinical response in patients with end-stage relapsed/refractory multiple myeloma and head and neck squamous cell carcinoma (HNSCC) by reducing MDSC function. It downregulates the mRNA expression of inducible nitric oxide synthase (iNOS) and Arg1, IL-4Rα and reactive oxygen species (ROS) levels that are related to MDSC activity. Moreover, tadalafil can reduce the Treg cell concentration in the blood and tumor and can induce the expression of the TCR-ζ chain and the production of IFNγ in bone marrow-infiltrating CD8 + T cells from patients (Noonan et al., 2014; Califano et al., 2015; Weed et al., 2015) .
Notch signaling has an important role in the development and differentiation of stem/progenitor cells and diseases, including several cancers. The effect of Notch signaling on the activity and differentiation of MDSCs has also been reported Hossain et al., 2018) . Recombination signal binding protein-Jκ (RBP-J) is a transcription factor mediating signaling from all four mammalian Notch receptors, which are related to γ-secretase-mediated proteolytic mechanisms. The blockade of Notch-RBP-J signaling reduces the immunosuppressive activity of MDSCs on T cell proliferation, DC maturation and antigen presentation, leading to the suppression of tumor growth . MDSCs, TAMs and Tregs have been implicated and have a crucial role in the head and neck squamous cell carcinoma (HNSCC) tumor microenvironment (Azoury et al., 2016) . Notch 1 signaling is activated in Tgfbr1/pten double conditional knockout HNSCC mouse models, and Notch1/HES1 inhibition by DAPT, a γ-secretase inhibitor, reduces both the populations of PMN-MDSCs and MO-MDSCs, as well as the levels of TAM, Tregs and immune checkpoint molecules (PD1, CTLA4, TIM3 and LAG3) in HN-SCC tumor-bearing mice. Interestingly, HES1 expression reveals a significant positive correlation with TAM and MDSC markers, immune checkpoint and Foxp3 expression (Mao et al., 2018) .
INHIBITION OF MDSCS BY AMPK ACTIVATOR
In general, AMPK activation stimulates energy production through glucose and fatty acid oxidation, whereas it inhibits anabolic processes, such as glycogen synthesis, gluconeogenesis, fatty acid synthesis and cholesterol synthesis. There is also convincing evidence that AMPK activation prevents inflammatory responses through the inhibition of pro-inflammatory signaling pathways (O'Neill and Hardie, 2013) . Interestingly, in a few studies, it has been demonstrated that AMPK activators can inhibit the function of MDSCs and can elicit antitumor activities in various types of cancers (Trikha et al., 2016; Kim et al., 2017; Qin et al., 2018) . AMPK activators reduce the numbers of MDSCs in both the spleens and tumors of carcinoma-bearing mice. The administration of the AMPK activator increases the numbers of T cells and NK cells in the spleens and tumors of tumor-bearing mice. Moreover, treatment with metformin, an AMPK activator, reduced the accumulation of MDSCs into esophageal tumors by inhibiting NF-κB signaling in an AMPK-dependent manner (Qin et al., 2018) . In addition, it has recently been reported that metformin-induced AMPK activation can reduce the expression of CD39 and CD73 in the MDSCs of ovarian cancer patients and can consequently attenuate the immunosuppressive activity of MDSCs . These findings suggest that AMPK activators could be promising drug candidates for the future treatment of cancers through the improvement of antitumor immunity by inhibiting MDSC-mediated immunosuppression.
MDSC ACTIVATION OR EXPANSION BY IMMUNE MODULATORS THAT REGULATE INFLAMMATORY RESPONSES Dexamethasone
Dexamethasone (Dex), one of the glucocorticoid family members, is a classic immune regulatory drug that has been extensively used for patients with inflammatory disorders (Abraham et al., 2006) . Dex induces CD11b + Gr-1 int/low MDSCs by treatment with GM-CSF, whereas the CD11b + Gr-1 high population is not changed by Dex in vitro. It also promotes MDSCmediated T cell suppression through the iNOS pathway in vitro. GM-CSF plus Dex-induced MDSCs (MDSC-Dex) induces cardiac allograft survival after transferring allogeneic cardiac transplants into mice. In addition, Dex increases the infiltration of MDSCs into allografts depending on glucocorticoid receptor (GR) signaling and MDSC-Dex increases the proportion of CD4 + Foxp3 + Tregs in MDSC-receiving mice . Patients with immune thrombocytopenia (ITP) often show a reduced number of MDSCs with immune suppressive function. High doses of dexamethasone increase the number of CD11b + CD33 + HLA-Dr low MDSCs in ITP patients and enhance MDSC function through the transcription factor Ets1 in vitro. Therefore, the immunopathogenesis of ITP can be alleviated by Dex-modulated MDSCs that are transferred into a murine severe ITP model (Hou et al., 2016) . As mentioned earlier, miR-21 and miR-155 induce the expansion of MDSCs. Interestingly, Dex increases the levels of miR-21 and miR-155. In addition, it promotes MDSC expansion and suppressive activity of MDSCs and promotes the mRNA levels of iNOS and Arg1 by co-treatment with GM-CSF and IL-6 .
Glucocorticoids (GCs)
Glucocorticoids (GCs) have been utilized as anti-inflammatory drugs for patients with organ transplantation or inflammatory disorders but their uses have been limited by potential side effects, such as hepatic steatosis induction (Schacke et al., 2002) . Dex-treated mice show increased numbers of PMN-MDSCs and increased levels of hepatomegaly with the upregulation of triglyceride, cholesterol and free fatty acids by a deficiency of activating transcription factor 3 (ATF3). Moreover, mice transplanted with PMN-MDSCs from Dex-treated WT or ATF3 -/mice exhibits an increase in liver weight and lipid contents in a GR-dependent manner. GR reduces the expression of ATF3 in myeloid cells by binding to the negative GR-response elements (nGREs) of the ATF3 promoter region, leading to the upregulation of S100A8 and S100A9 expression; this causes the induction of MDSC development and activation. As a result, GC-induced hepatic steatosis can occur .
mTOR inhibitor
The mammalian target of rapamycin (mTOR) plays a crucial role in cellular processes, including cell growth, metabolism, differentiation and autophagy, as well as immune responses. The mTOR complex is divided into mTORC1 and mTORC2, and rapamycin (RAPA) is a specific inhibitor of mTORC1 (Engelman, 2009) . Recently, the role of the mTOR pathway has been described in MDSCs. RAPA has been found to induce the expansion and function of PMN-MDSCs in vitro as well as in vivo, such as in an acute graft-versus-host disease (aGVHD) mouse model through the upregulation of Arg1 and iNOS (Lin et al., 2018) . In line with these observations, RAPA promotes the accumulation of PMN-MDSCs into the injured kidney through CXCL1,2/CXCR2 interaction-induced migration in a mouse acute kidney injury (AKI) model. The administration of RAPA-treated MDSCs to AKI mice alleviates renal function and reduces the proportion of CD4 + T cells. Importantly, while MO-MDSCs are reduced by RAPA, the mRNA levels of the activation markers iNOS and Arg1 are increased . Furthermore, RAPA increases the number of iNOS-expressing MDSCs in the allograft vessels in a murine cardiac transplantation (CTx) model and leads to an increase in the graft survival rate. In addition, RAPA promotes the suppressive activity of both PMN-MDSCs and MO-MD-SCs, and MDSCs derived from rapamycin-treated CTx mice induce CD3 + CD4 + Foxp3 + Tregs and allograft survival. However, the mitogen-activated protein kinase kinase (MEK) inhibitor trametinib abolishes the induction of RAPA-mediated MDSC expansion and allograft survival (Nakamura et al., 2015) . It has also been reported that the tumor-infiltrating MO-MDSCs reveal stronger suppressive activities than those of the splenic MO-MDSCs via higher glycolysis, and the inhibition of glycolysis by RAPA results in the reduction of MO-MDSC function in tumor-bearing mice . Interestingly, the nanomicelle-modified RAPA (RAPA nanomicelle ophthalmic solution), which is the modified, amphiphilic form (RAPA is insoluble in water), increases the ability of RAPA to accumulate MDSCs and prolongs corneal allograft survival in a mouse model. MDSCs derived from RAPA nanomicelle ophthalmic solution-treated mice exhibit an increased ability of MDSCs to suppress T cell proliferation (Wei et al., 2018) . Another mTOR inhibitor INK128, an oral mTORC1/2 dual inhibitor, also reduces DSS-induced colitis and the differentiation of MDSCs into macrophages leads to the expansion of Tregs in a mouse experimental colitis model (Shi et al., 2019) .
HMG-CoA inhibitor
The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase is a rate-limiting enzyme that converts HMG-CoA into mevalonate in the cholesterol synthesis pathway. Statins, also known as HMG-CoA reductase inhibitors, have diverse roles in immunomodulation and there are various types of statins prescribed, including atorvastatin (Lipitor; Pfizer), simvastatin (Zocor; Merck & Co., Kenilworth, NJ, USA), lovastatin (Mevacor; Merck & Co. and Altoprev; Andrx Labs, Fort Lauderdale, FL, USA) and rosuvastatin (Crestor; AstraZeneca, Cambridge, UK) (Greenwood et al., 2006) . Recent studies have demonstrated an interesting relationship between statins and MDSCs. Atorvastatin induces the expansion of PMN-MDSCs in vitro and in vivo through the inhibition of the mevalonate pathway and the suppressive activity of MDSCs is promoted by atorvastatin in vivo in a NO-dependent manner, even though MDSCs from the control mouse spleen do not show immunosuppressive activity. Atorvastatin alleviates DSS-induced colitis and increases PMN-MDSCs. Moreover, it has been demonstrated that while MDSCs are increased in a mouse DSS-induced acute and chronic colitis model, the symptoms are reduced by transferring atorvastatin-derived PMN-MDSCs into colitis mice (Lei et al., 2016) . In line with this observation, we have also found that simvastatin disrupts IRF4 expression, which is correlated with the inhibition of MDSC differentiation and function and the differentiation of PMN-MDSCs derived from BM cells is increased by treat-ment with simvastatin. Furthermore, simvastatin can induce the suppressive activity of MDSCs on CD8 + T cell proliferation via promoting IL-10 and ROS production (Nam et al., 2016) .
Prostaglandin E2 (PGE2)
PGE2 is released from various tumor cells and plays an important role in the tumor microenvironment by promoting tumor progression and inflammation and regulating several signaling pathways (Nandi et al., 2017) . MDSCs from tumor-bearing mice express all four E-type prostanoid receptors, which are composed of EP1, EP2, EP3 and EP4. In particular, the PGE2 or EP2 agonist butaprost induces the differentiation of BM cells into MDSCs, and these effects are abolished by the EP1 and EP2 antagonist AH6809EP4 and/or antagonist AH23848 in vitro. Furthermore, the accumulation and suppressive activity of MDSCs are decreased in tumor-bearing EP2 -/mice when compared with that of wild-type BALB/c mice and these EP2 -/mice develop primary tumors with slower growth rates compared with those in the WT mice. In addition, the COX-2 inhibitor SC58236 that inhibits PGE2 biosynthesis suppresses the growth of 4T1 primary tumors and reduces MDSC accumulation (Sinha et al., 2007) .
Finasteride (FIN) , an FDA-approved drug for patients with benign prostatic hyperplasia (BPH), has been found to induce HLA-DR -/low CD11b + CD33 + MO-MDSCs derived from fresh human peripheral blood mononuclear cells (PBMCs), and FINinduced MDSCs exhibit suppressive activity on CD4 + and CD8 + T cells. FIN also increases the expression of Arg1 followed by the activation of the COX-2/PGE2 pathway. Interestingly, the effect of FIN on MDSC generation is abolished by the COX1/2-specific inhibitor indomethacin and the PGE2neutralizing antibody .
INHIBITION OF THE IMMUNOSUPPRESSIVE FUNCTIONS OF MDSCS BY COX-2, IDO1, NOS, DNMT AND HDAC INHIBITORS
Cyclooxygenases-2 (COX-2) inhibitor
COX-2 has enzymatic activity in the biosynthesis of prostaglandins and plays diverse roles in cancer. It has been reported that COX-2 induces Arg1 expression in myeloid suppressor cells (MDSCs) associated with lung carcinoma (Rodriguez et al., 2005) . The COX-2 inhibitor celecoxib inhibits prostaglandin E2 (PGE2), which is a COX-2 downstream molecule, both in vitro and in vivo. Interestingly, the oral administration of celecoxib reduces the PMN-MDSC population in the spleens of mice inoculated with the mesothelioma AB1 cell line. ROS production, which inhibits the ζ-chain on T cells and leads to an increase in T cell tolerance, is reduced through COX-2 inhibition in all MDSC subsets obtained from celecoxib-treated mice. Moreover, tumor-infiltrated MDSCs are decreased by celecoxib, which suppresses tumor-derived PGE2 and NO levels in tumor-bearing mice (Veltman et al., 2010) .
Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitor
IDO1 is an intracellular enzyme related to the kynurenine pathway and plays a crucial role in the inflammatory environment, including the tumor microenvironment (TME) (Moon et al., 2015) . IDO1 is highly expressed in F4/80 + Gr1 int CD11b + MDSCs but is only weakly expressed in GR1 hi CD11b + MD-SCs. Moreover, the proportion of F4/80 + Gr1 int CD11b + MDSCs with IDO1 + is increased in a mouse anti-PD1-resistant lung cancer model (344SQ_R) compared with that in the tumorbearing mice of its parent model 344SQ_P. In contrast, the population of F4/80 + Gr1 int CD11b + MDSCs is reduced by treatment with the IDO1 inhibitor INCB023843. Importantly, the proportion of CD8 + T cells is reduced in the 344SQ_R mice and the percentage of the Treg cell population is not altered compared with the proportion and percentage in 344SQ_P mice . Therefore, inhibitors targeting IDO1 in MDSCs provide an opportunity for development of a new strategy for anti-PD1 therapy-resistant cancers.
Nitric-oxide synthase (NOS) inhibitor
Nitric oxide (NO) is released from endothelial cells or cancer cells as well as from MDSCs by NOS and plays an important role in diverse physiological and pathological processes including cell differentiation, tumor progression and inflammation. Moreover, NO induces immunosuppressive markers of MDSCs through COX-2/PGE2 axis (Groth et al., 2018) . For that reason, various inhibitors targeting NO have been evaluated for several cancers and immune-related disorders. N(G)nitro-L-arginase methyl ester (L-NAME) is an NOS inhibitor and reduces NO production and tumor growth. As mentioned earlier, the PDE5 inhibitor sildenafil delays primary tumor growth and inhibits MDSC function and reduces the expression of Arg1 and NOS2 in mouse tumor models and patients with myeloma or head and neck cancer (Orucevic et al., 1999; Serafini et al., 2006) . Tumor growth is delayed by both L-NAME and sildenafil in CT26GM-bearing mice, which is a GM-CSFsecreting CT26 tumor model with a more aggressive phenotype in comparison with that of the controls, whereas L-NAME only reduces tumor volume in Rauscher virus-induced T lymphoma (RMA)-implanted mice. L-NAME and sildenafil do not alter the proportion of CD11b + Gr1 + and CD11b + Gr1cells in the spleens of CT26GM tumor-bearing mice, but CD11b + Gr1 + cells in the blood are reduced by these inhibitors. Moreover, sildenafil alone reduces CD11b + Gr1cells, which have a suppressive effect on CD8 + T cells, in the blood obtained from both mouse models (Capuano et al., 2009) .
5-Azacytidine
DNA methyltransferase inhibitors (DNMTis), which are epigenetic change-modulating cytostatic agents, including 5-azacytidine (5AC) and 2'-deoxy-5-azacytidine (DAC), have been utilized in patients with myelodysplastic syndrome, preleukemic hematological disease and established leukemia (Cashen et al., 2010) . The DNA-alkylating agent cyclophosphamide (CY), an anti-neoplastic drug, has been found to induce tumor-infiltrated MDSCs, while tumor growth is reduced by CY in vivo. 5AC also reduces tumor-induced MDSCs (TU-MDSCs) and CY-induced MDSCs (CY-MDSCs) as well as the expression of Arg1 in the spleens and tumor sites of mice. Thus, the combination treatment of CY and 5AC shows the highest therapeutic efficacy against tumor growth without the elevation of the MDSC population compared to the efficacy of the monotherapy of CY in two different tumor-bearing mouse models. Moreover, while CY-MDSCs do not exhibit suppressive activity on CD8 + T cells, 5AC blocks the suppressive activities of TU-MDSCs and CY-MDSCs on CD4 + and CD8 + T cells (Mikyskova et al., 2014) .
Selective class I histone deacetylase inhibitor entinostat
Entinostat is a class I-specific histone deacetylase inhibitor (HDACi) and plays a role in blocking the interaction between TME and the host immune system (Shen et al., 2016) . The combination therapy of entinostat and the mouse checkpoint inhibitor anti-PD-1 effectively reduces tumor growth and induces an increase in the overall survival in lung (LLC) and renal cell (RENCA) carcinoma syngeneic mouse models. Entinostat does not exhibit additional effects on PD-1-mediated changes in the Tregs or macrophages of TME. However, although it induces tumor-infiltrating PMN-MDSCs in both mouse tumor models, both entinostat alone and combination therapy remarkably induce the suppressive activities of PMN-MDSCs and MO-MDSCs on CD8 + T cell proliferation through NOS2, Arg1 and COX-2 inhibition. The combination therapy induces the alteration of the host environment and TME, leading to the enhancement of the anti-PD-1-mediated antitumor effect (Orillion et al., 2017) .
MDSC MODULATION BY HISTAMINE OR HISTAMINE RECEPTOR ANTAGONIST
Histamine
Histamine is secreted from mast cells and plays various roles in cell growth, motility and signaling mechanisms via binding to one of the four histamine receptors (HRs) expressed on diverse cell types (Borriello et al., 2017) . HR1-3 are expressed on MDSCs whose proliferation can be enhanced by histamine. HR1 or 2 antagonists, cetirizine (CT) and cimetidine (CIM), decrease PMN-MDSC functions related to Nippostrongylus brasiliensis (Nb) clearance in mice, an important function of PMN-MDSCs; CIM reduces lung metastasis in B16 melanoma-bearing mice. In addition, an increased level of MDSCs is often found in patients with allergies (Martin et al., 2014) . Histamine dihydrochloride (HDC) is a histamine salt that dissociates into histamine in an aqueous solution. Interestingly, HDC suppresses tumor growth through the inhibition of NADPH oxidase (NOX2)-positive MDSCs in EL-4 lymphoma and 4T1 mammary carcinoma mouse models. GR1 + cells from HDC-treated EL-4-bearing mice have shown less suppressive activity on T cells than those from the control mice. HLA-DR-is a common phenotype of human MDSCs and HDC blocks the IL-6 and GM-CSF-induced depletion of HLA-DR in human monocytes. Moreover, the co-treatment of HDC with a low dose of IL-2 reduces MO-MDSCs in the blood of AML patients. In addition, it is worth noting that, although HDC does not affect the expression of PD-L1 on MDSCs or PD-1 on CD8 + T cells in mice, the combination therapy of HDC and α-PD-1/α-PD-L1 antibodies significantly suppresses tumor progression in both EL-4 and MC-38 mouse tumor models (Grauers Wiktorin et al., 2018) .
Cimetidine
Cimetidine (CIM) is the oldest antagonist of histamine type-2 receptor and has been used for patients with gastro-esophageal reflux diseases and gastric ulcers (Freston, 1982) . It has also been involved in several types of tumor suppression. CIM suppresses the accumulation of MDSCs in the spleen, blood and tumor sites of 3LL tumor-bearing mice and reduces suppressive effect of MDSCs on T cell proliferation in vitro. Moreover, although CIM does not alter the differentiation of MDSCs, it promotes the apoptosis of MDSCs via the induction of Fas and FasL expression, but it does not promote the activation of the H2 receptor by histamine (Zheng et al., 2013) .
INHIBITION OF MDSC ACTIVITY BY SMALL MOLECULES WITH OTHER ANTI-TUMOR PROPERTIES
All-trans retinoic acid (ATRA)
All-trans retinoic acid, an active vitamin A metabolite, has been used to induce the differentiation of leukemic blasts into mature promyelocytic leukemia. It is also able to induce the differentiation of MDSCs into mature cells and to improve the therapeutic effect of antiangiogenic therapies (AAT) by blocking the antiangiogenic therapy-induced expansion of MDSCs secreting high levels of vessel-destabilizing S100A8 in breast cancer (Nefedova et al., 2007; Bauer et al., 2018) . In addition, it has been shown that the treatment of sarcoma-bearing mice with ATRA largely eradicates MO-MDSCs and diminishes the suppressive capacity of PMN-MDSCs. Therefore, combined therapy using disialoganglioside (GD2)-chimeric antigen receptor (CAR) T cells plus ATRA significantly enhances the antitumor efficacy of CAR against sarcoma xenografts (Long et al., 2016) . Intriguingly, in addition to the inhibition of the immunosuppressive function and gene expression of MDSCs, ATRA also significantly reduces the frequency of circulating MDSCs compared to treatment with anti-CTLA-4 antibody alone in advanced-stage melanoma patients, indicating that targeting MDSCs, such as treatment with ATRA, may augment immunotherapeutic efficiency in cancer patients (Tobin et al., 2018) . Moreover, the combination of therapeutic tumor vaccination using antigen/CpG/αGC with delayed ATRA administration significantly enhances the antitumor effect in those animals that initially did not respond to therapeutic tumor vaccination by suppressing MDSC function (Heine et al., 2017) . Similarly, vaccination with tumor-exosome-loaded DC in combination with ATRA, which prevents MDSC maturation and activation, prolongs the survival of pancreatic cancer-bearing mice and induces the strong inhibition of the metastatic spread of cancer cells (Xiao et al., 2017) . Together, concomitant treatment with ATRA may hold the potential to improve immunotherapeutic efficiency in various tumor types.
Gemcitabine
Gemcitabine, an antitumor drug targeting DNA replication and telomerase activity, is broadly used for patients with advanced pancreatic cancers as a standard chemotherapy. It has also been reported that gemcitabine reduces B cells and CD11b + Gr-1 + cells without affecting CD4 + and CD8 + T cells in tumor-bearing mice (Suzuki, 2005; Yoyen-Ermis et al., 2018) . The levels of both human PMN-MDSCs (CD11b + CD14 -CD33 + HLA-DR -) and MO-MDSCs (CD11b + CD14 + CD33 + HLA-DR -) are increased in pancreatic cancer patients compared to the levels of healthy donors, and PMN-MDSCs are markedly decreased after treatment with gemcitabine, while it does not affect MO-MDSCs. Gemcitabine does not alter the levels of IL-6-induced STAT3 phosphorylation in MiaPaCa2 and Panc01 pancreatic cancer cell lines. Nevertheless, it indirectly reduces STAT3 phosphorylation in myeloid cells. Furthermore, gemcitabine elicits a mild inhibition of Tregs in patients even though it has been known to not affect the lymphocyte popu-lation (Eriksson et al., 2016) . It has also been reported that tumor-infiltrated MDSCs are decreased by the co-treatment of gemcitabine with superoxide dismutase (SOD) mimetics in LLC tumor-bearing mice. The combination therapy suppresses ROS levels and ROS-related immune cells, including tumor-associated macrophages (TAM) and tumor-associated neutrophils (TAN), in the mouse model. The combination therapy also induces the population of memory CD8 + T cells through the alteration of MDSC infiltration and MDSC-associated ROS, thereby, increasing the survival rate of tumorbearing mice (Sawant et al., 2013) . In a recent study, the efficacy of gemcitabine in a mouse pancreatic cancer model was evaluated by using a carrier system with gemcitabine-loaded polyethylene glycol (PEG)-cored poly (amidoamine) (PAMAM) dendrimers decorated with an anti-Flt1 antibody (D-αFlt1-Gem). D-αFlt1-Gem increases the effect of gemcitabine on the reduction of cancer-induced myeloid cells, including CD11b + Ly6G -Ly6C + monocytes, and reduces the pancreatic tumor mass (Yoyen-Ermis et al., 2018) .
Amino-bisphosphonate
Amino-bisphosphonates, analogues of the naturally occurring compound PPi (P-O-P), have been known to have antitumor effects especially on bone metastasis (Clézardin et al., 2005) . Pamidronate and zoledronate are able to reduce tumor progression in a BALB-neu T mouse model, a spontaneous mammary tumor model. Zoledronate decreases pro-MMP-9 and VEGF in the serum and tumor infiltration of MDSCs and F4/80-positive inflammatory cells via inhibiting the expansion of BM progenitor cells in tumor-bearing mice. Therefore, zoledronate decreases the effects of dysregulated MMP-9 at the tumor site, leading to the reduction of MDSC expansion, although it does not affect normal hematopoiesis (Melani et al., 2007) .
RPN13/ADRM1 inhibitor
The bis(benzylidene)-piperidone RA190 is a proteasome inhibitor that is capable of binding to the ubiquitin receptor RPN13/ADRM1; in addition, it causes endoplasmic reticulum (ER) stress and the induction of apoptosis in several cancer types, such as bortezomib-resistant multiple myeloma (Anchoori et al., 2013) . RA190 decreases the expression of total STAT3 and leads to the downregulation of the suppressive molecules IL-10, arginase and iNOS in MDSCs in vitro and in tumor-bearing mice. This leads to a reduction in MDSCinduced T cell suppression. Moreover, RPN13 knockdown shows similar effects on MDSCs by regulating STAT3, IL-10, arginase and iNOS. Together, RA190 suppresses tumor growth and prolongs mouse survival (Soong et al., 2016) .
MDSC MODULATION BY SEX HORMONES OR COMPOUNDS THAT ARE NATURALLY FOUND IN PLANTS
17β-Estradiol
Recently, it has been found that a number of MDSCs are induced in the peripheral blood and in the cord blood of healthy pregnant women to prevent immunologic fetal rejection, and therefore, MDSCs play an important role in the maternal immune system in maintaining maternal-fetal tolerance (Köstlin et al., 2014) . The induction of HLA-DR -/low CD11b high CD33 high MO-MDSCs is found in the peripheral blood of healthy pregnant women when compared to healthy nonpregnant and postpartum women, and these MDSCs strongly suppress CD4 + and CD8 + T cell proliferation in an ROS-dependent manner. Interestingly, there has been a positive correlation between MO-MDSCs and 17β-estradiol (E2) through Pearson's correlation analysis. E2 induces the differentiation of MD-SCs in vitro through STAT3 activation, and the expression of S100A8 and S100A9, which are related to MDSC expansion, is upregulated by E2. Moreover, E2-induced MDSCs exhibit an increased ability to suppress T cells and to induce ROS production .
Resveratrol
Resveratrol (RSV; 3,5,4'-trihydroxy-trans-stilbene), a pleiotropic phytochemical, is a natural compound found in grapes, peanuts and chocolates. It is known to play diverse roles in cellular processes, including inflammation, apoptosis and oxi-dative stress . It has been reported that RSV prolongs the survival of LLC tumor-bearing mice and decreases the population of total-and PMN-MDSCs, although MO-MDSCs are not affected by RSV. In contrast to MDSCs, the number of CD8 + T cells is increased at the tumor site, spleen and draining lymph nodes (dLN). Moreover, RSV induces the apoptosis of PMN-MDSCs and indirectly blocks the migration of PMN-MDSCs through the reduction of HMGB1 expression, which is one of the candidates capable of promoting MDSC expansion. The suppressive effect of MDSCs on CD8 + T cells is also decreased by RSV. In addition, RSV induces the differentiation of MO-MDSCs into more mature myeloid cells by expressing CD11c and F4/80 (Zhao et al., 2018a) . However, contrary to this finding, it has also been reported that RSV induces MDSCs in a chronic colitis mouse model. RSV blocks the loss of body weight and decreases the serum amyloid A (SAA) concentration in IL-10 -/mice with chronic colitis, whereas it does not affect chronic colitis in normal BL/6 WT 
Polyunsaturated fatty acids (PUFAs)
Polyunsaturated fatty acids (PUFAs), which are fatty acids, including omega-3 (n-3) and omega-6 (n-6), have various roles in the immune response, inflammation and lipid metabolism (Kremmyda et al., 2011) . The differentiation and suppressive functions of PMN-MDSCs are increased by α-linolenic acid (ALA) (n-3 PUFA) and LA (n-6 PUFA) in vitro and in a mouse model in vivo in an ROS-dependent manner, but the differentiation of MO-MDSCs is not affected by PUFAs. PUFAs also promote STAT3 activation and the expression of S100A8 and S100A9 in MDSCs. Furthermore, consistent with tumor-free mice, the oral administration of PUFAs induces the population of MDSCs and tumor progression in CT26 and LLC tumorbearing mice (Yan et al., 2013) .
Korean red ginseng
Korean red ginseng (KRG) is made by undergoing several steps of steaming and drying using Panax ginseng C.A. Meyer, a highly precious plant among herbs. Ginseng has been used for a long time as a traditional medicinal herb in Asia, especially in Korea, and has been known to have various pharmacological activities (Yun, 2001) . Although KRG does not affect tumor progression and MDSC accumulation, it does reduce the expression of iNOS and IL-10, immune suppression-related markers and NO production in MDSCs. Together, KRG increases the secretion of IL-2 and IFN-γ, which are essential factors for the growth, survival and differentiation of T cells by inhibiting the immunosuppressive activity of MDSCs (Jeon et al., 2011) .
CONCLUDING REMARKS
Given that MDSCs play a key role in the maintenance of immunosuppression in conditions of chronic inflammation, the suppression of MDSC expansion and activation by MDSCtargeting agents might increase the efficiency of the immune system. For instance, immune checkpoint inhibitors (ICI) for cancer therapy are already approved or are being clinically tested for the treatment of various types of cancers, including melanoma, NSCLC, head and neck carcinoma, hepatocellular carcinoma, colorectal carcinoma, renal cell carcinoma, bladder cancer, gastric cancer and B-cell lymphoma. However, accumulating evidence suggests that only a fraction of cancer patients benefit from ICI due to resistance to ICI after an initial response or a total lack of response. Resistance can be mediated by MDSCs, which makes these cells a promising target for combination therapy. Since it is suggested that targeting MDSCs would be beneficial for the treatment of cancer patients, some strategies modulating the MDSC numbers and immunosuppressive functions are being tested in various clinical trials in combination with ICI (Table 1) . To date, fourteen clinical trials are being run to improve the efficacy of ICI treatment in cancer patients by reducing MDSC-mediated immunosuppression. Fortunately, given that there are a number of MDSC-targeting agents available on the market and some of them are already U.S. Food and Drug Administration (FDA)-approved for use in patients, their implementation in bi-or multi-therapy regimens that include cancer immunotherapy is warranted. In various preclinical and clinical models, it has been reported that the use of MDSC-targeting agents potentiates the effects of ICI and leads to a significantly increased survival and even to the complete regression of tumors.
On the other hand, it is worth noting that most of our knowledge about MDSCs is based on tumor models and cancer patients. However, the relevance of these cells should be equally considered in non-cancer situations where overactivated immune responses are observed in acute or chronic inflammatory conditions and where autoimmune diseases need to be suppressed; in both cases, MDSCs may prove to be a boon for maintaining homeostasis in immune regulation. Therefore, in addition to agents targeting the harmful effects of MDSCs, agents supporting the beneficial roles of MDSCs in host protection are expected to emerge in a few years. For that to happen, a better understanding of MDSC regulation is needed to explain both the beneficial and detrimental effects of MDSCs.
